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We have fabricated single-electron transistors from individual metal nanoparticles using a geometry
that provides improved coupling between the particle and the gate electrode. This is accomplished
by incorporating a nanoparticle into a gap created between two electrodes using electromigration, all
on top of an oxidized aluminum gate. We achieve sufficient gate coupling to access more than ten
charge states of individual gold nanoparticles~5–15 nm in diameter!. The devices are sufficiently
stable to permit spectroscopic studies of the electron-in-a-box level spectra within the nanoparticle
as its charge state is varied. ©2004 American Institute of Physics.@DOI: 10.1063/1.1695203#

Single-electron transistors~SETs! made from metals are
important for their use as electrometers, and also because
they enable fundamental studies of charge transport in
metals.1–8 For many applications, it is desirable to minimize
the size of the central metal island within the SET, so as to
increase the charging energy, optimize the electrometer sen-
sitivity or spatial resolution, or raise the maximum operating
temperature. If the island is made smaller than about 10 nm
diameter, it is also possible to use such SETs to probe indi-
vidual ‘‘electron-in-a-box’’ quantum states within the metal
nanoparticle.8 SETs with metal islands smaller than 10 nm
have been fabricated previously,9,10 but the gate capacitances
were so small (10219 F in Ref. 9 and,10220 F in Ref. 10!
that it was difficult to adjust the charge on the island by more
than one electron. Here we describe a technique to make
metal-nanoparticle SETs with gate capacitances of order
10218 F, sufficient to tune the number of electrons in a nano-
particle by more than ten. We use these devices to study the
evolution of the electron-in-a-box level spectrum in gold
nanoparticles as the electron number is changed one by one.

Our fabrication technique builds upon work in which
electrical contact was made to single nanoparticles without a
gate electrode10–13 and to networks of particles in the pres-
ence of a gate.14 We start by using photolithography to define
a 16-nm-thick Al gate electrode with 2 nm of Ti as a sticking
layer, on top of an oxidized Si substrate. The gate electrode
is deposited with the substrate at liquid nitrogen temperature.
The Al is warmed overnight to room temperature while in 50
mTorr of O2 and then exposed to air.15 Next we use electron-
beam lithography and liftoff to fabricate Au wires with a
thickness of 16 nm and a minimum width of 100 nm on top
of the gate@Fig. 1~a!#. After cleaning the Au wires in oxygen
plasma, we submerge the chip in liquid helium and break the
wires using electromigration;16 a source-drain bias is slowly
ramped up until the wire breaks and the conductance drops
suddenly.17 In most cases this happens at a bias of;1 V and
results in a gap about 5–10 nm wide after the sample is
warmed to room temperature@Fig. 1~b!#. A similar process of
electromigration has been used recently to make single-

molecule transistors.18,19 Then we create nanoparticles,
formed by self-assembly, by evaporating Au on top of the
broken lines and into the gap with the substrate at room
temperature. For most samples we evaporate 20 Å of gold at
0.6 Å/s, which produces particle diameters of 5–15 nm as
measured with a scanning electron microscope~SEM! @~Fig.
1~b!#. When measured immediately after the evaporation, ap-
proximately 25% of the junctions show a drop of resistance
into the MV range, indicating that a nanoparticle may be
bridging the gap. This procedure has the virtue of producing
nanoparticles separated from the gate electrode by only 2–3
nm of aluminum oxide, giving excellent coupling between
the particle and the gate. Finally the devices are protected by
evaporating 100 nm of aluminum oxide prior to air exposure.

We cool the finished devices to 4.2 K and measure their
current–voltage (I –V) curves as a function of gate voltage
(VG) @see Fig. 1~c! for circuit conventions#. More than 50%
of the devices that show a decrease in resistance during the
nanoparticle deposition step exhibit Coulomb-blockade char-
acteristics@Figs. 2~a! and 2~b!#. Fits to the orthodox theory
of Coulomb blockade20 yield good agreement@Fig. 2~a!#.
The variation ofdI/dV as a function ofVG andV is shown
in Fig. 2~c!, for a range ofVG large enough to span several
‘‘Coulomb diamonds.’’ The presence of only one positive
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FIG. 1. ~a! Top-view SEM image of the device geometry, with gold source
and drain electrodes on top of an oxidized aluminum gate.~b! Expanded
view of the region outlined with a white rectangle in~a!. A 10 nm gap made
by electromigration is visible, along with deposited gold nanoparticles.~c!
Circuit schematic for the Au-nanoparticle SET.
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and one negative slope for the tunneling thresholds versus
VG indicates that transport is indeed occurring through a
single nanoparticle.21 The gate capacitanceCG is determined
from the spacing inVG between the degeneracy points where
dI/dV is nonzero atV50. For device 1@Figs. 2~a!–2~c!#, the
spacing between neighboring degeneracy points is 180 mV,
so CG5e/(180 mV)50.89 aF (65%). This is an order of
magnitude greater than gate capacitances achieved previ-
ously in metal nanoparticle transistors.9 The ratiosCD /CG

and CS /CG for the drain and source capacitances are then
determined from the slopes of the tunneling thresholds ver-
sus VG,22 yielding for device 1 CD52.4 aF and CS

51.3 aF (610%). Figure 2~c! demonstrates that 12 differ-
ent charge states within this nanoparticle can be accessed by
varying VG within the range61 V. We should note that the
scan in Fig. 2~c! is somewhat atypical in that there are very
few discontinuities in the gate-voltage dependence, corre-
sponding to sudden rearrangements in the background charge
near the particle. The diamond plot in Fig. 2~d!, from device
2, is more typical.

The yield given by our fabrication process is that 15%–
20% of all devices exhibit gate-dependent Coulomb block-
ade. The gate capacitances are typically 0.3–2.0 aF and the
source and drain capacitances are 1–10 times larger, yielding
charging energies between 15 and 50 meV. As a control ex-

periment, we took 24 devices through the full fabrication
process except for the step in which the nanoparticles are
deposited. These samples never showed Coulomb-blockade
characteristics.

In prior work, tunnel junctions containing individual
metal nanoparticles have been used to measure the
‘‘electron-in-a-box’’ states inside the nanoparticle, and these
experiments have been a rich source of information about
electronic interactions within metals.8,9 Having a more effec-
tive gate would contribute greatly to these types of studies,
by enabling investigations of how the spectra change as elec-
trons are added to a nanoparticle, and also by giving in-
creased control over nonequilibrium excitations.22 Next we
demonstrate that our SETs are sufficiently stable to allow
measurements of the electron-in-a-box spectra, and we
present initial studies of how these spectra depend on the
electron number.

In order to resolve electron-in-a-box quantum states, we
cool samples in a dilution refrigerator with filtered electrical
lines so that the electron temperature is less than 150 mK. In
Fig. 3 we examine a device with parametersCG52.0 aF
CS51.9 aF, andCD52.2 aF. Low-temperature plots of
dI/dV versusVG and V reveal a fine structure of lines be-
yond the tunneling threshold that correspond to tunneling via
excited quantum states within the nanoparticle. Figure 3
shows three sets of spectra. In panel~a!, the lines running
parallel to the line labeleda correspond to transitions in
which an electron tunnels off the nanoparticle to decrease the
total number of electrons from some valueN to N21. Panel
~b! displays a more negative range ofVG where transitions
from N-1 electrons toN22 are visible. Finally, the levels in
panel~c! correspond toN22 to N23 transitions. The most
striking aspect of these three plots is that the pattern of ex-
cited states is extremely similar. The only significant differ-
ence can be seen in the line labeleda at the threshold for
tunneling. In panel~a! line a is strong, in panel~b! it is
present but its conductance is decreased by approximately
45% and in~c! the line is absent. This behavior can be un-

FIG. 2. ~a! Coulomb staircaseI –V curve for a gold nanoparticle SET~de-
vice 1! at 4.2 K, along with an orthodox model fit~offset for clarity!. ~b!
I –V curves for device 1 at 4.2 K, for equally spaced values ofVG . ~c!
Gray-scale plot ofdI/dV as a function ofVG andV for device 1 at 4.2 K.
Eleven degeneracy points separating twelve different charge states are vis-
ible within a 2 V range ofVG . ~d! Gray-scale plot ofdI/dV as a function of
VG andV for device 2 at 4.2 K, showing ‘‘Coulomb diamonds’’ as well as
several abrupt changes in the background charge of the SET island asVG is
swept.

FIG. 3. Gray-scale plots ofdI/dV as a function ofVG andV, displaying the
discrete electron-in-a-box level spectra within a gold nanoparticle~device
3!, measured with an electron temperature less than 150 mK and zero mag-
netic field. Panels~a!, ~b!, and~c! represent spectra for different numbers of
electrons in the same nanoparticle. Panel~b! covers the gate voltage range
from 295 to 2110 mV and~c! the range from2180 to2195 mV. Insets:
Energy-level diagrams illustrating the tunneling transitions that contribute to
line a for different numbers of electrons on the particle.
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derstood in a simple way by assuming that the energy levels
in the nanoparticle are spin-degenerate, and thatN corre-
sponds to an even number of electrons. In this case, linea in
panel~a! corresponds to transitions in which either one of the
two ~spin-degenerate! electrons in the highest occupied en-
ergy level forN electrons tunnels off of the particle into the
source. ForN21 electrons in panel~b!, one of these two
electrons is already gone, so linea corresponds to having
just the one remaining electron in that same energy level
tunnel off of the particle. Because the source–particle inter-
face is the rate limiting barrier in this device, the tunneling
rate is reduced by approximately a factor of 2. Finally, in
panel ~c!, no electrons are left to tunnel out of the state
corresponding to linea, so the line is no longer present.

The strong similarities that we observe in the excited
state spectra for different numbers of electrons on a gold
nanoparticle are in striking contrast to analogous studies of
GaAs quantum dots.23 In GaAs dots, spin degeneracy is not
generally observed and excited-state levels are shifted rela-
tive to one another when the electron number is changed.
These spectral rearrangements in GaAs have been explained
as due to exchange interactions between the added electron
and quantum-dot states with different total spins. The simi-
larity of the excited-state spectra that we observe for differ-
ent numbers of electrons in gold is therefore evidence that
exchange interactions are sufficiently weak that the energy
levels are filled as in a noninteracting model, with each en-
ergy level spin-degenerate and with the energy-level spac-
ings not sensitive to the electron number. This simple out-
come is highly nontrivial for an interacting-electron system,
but it is consistent with expectations for the strength of ex-
change interactions in gold.24

In summary, we have fabricated single-electron transis-
tors by depositing metal nanoparticles within break junctions
made using electromigration. This method provides strong
coupling between the nanoparticle and the gate electrode,
thereby enabling experiments in which the number of elec-
trons on the particle is varied over a wide range. We have
demonstrated that this device geometry permits detailed
measurements of electron-in-a-box level spectra in metals as
a function of the electron number.

The authors thank A. R. Champagne and J. E. Grose for
helpful discussions. This work was funded by the NSF
~DMR-0244713 and through use of the Cornell Nanoscale
Facility/NNUN! and by the ARO~DAAD19-01-1-0541!.

1D. V. Averin and K. K. Likharev, J. Low Temp. Phys.62, 345 ~1986!.
2T. A. Fulton and G. J. Dolan, Phys. Rev. Lett.59, 109 ~1987!.
3P. Lafarge, H. Pothier, E. R. Williams, D. Esteve, C. Urbina, and M. H.
Devoret, Z. Phys. B: Condens. Matter85, 327 ~1991!.

4M. J. Yoo, T. A. Fulton, H. F. Hess, R. L. Willett, L. N. Dunkleberger, R.
J. Chichester, L. N. Pfeiffer, and K. W. West, Science276, 579 ~1997!.

5R. J. Schoelkopf, P. Wahlgren, A. A. Kozhevnikov, P. Delsing, and D. E.
Prober, Science280, 1238~1998!.

6M. H. Devoret and R. J. Schoelkopf Nature~London! 406, 1039~2000!.
7R. G. Knobel and A. N. Cleland, Nature~London! 424, 291 ~2003!.
8J. von Delft and D. C. Ralph, Phys. Rep.345, 61 ~2001!.
9D. C. Ralph, C. T. Black, and M. Tinkham, Phys. Rev. Lett.78, 4087
~1997!.

10Y. A. Pashkin, Y. Nakamura, and J. S. Tsai, Appl. Phys. Lett.76, 2256
~2000!.

11D. Davidovic and M. Tinkham, Appl. Phys. Lett.73, 3959~1998!; Phys.
Rev. Lett.83, 1644~1999!.

12S. I. Khondaker and Z. Yao, Appl. Phys. Lett.81, 4613~2002!.
13M. F. Lambert, M. F. Goffman, J. P. Bourgoin, and P. Hesto, Nanotech-

nology 14, 772 ~2003!.
14S. E. Kubatkin, A. V. Danilov, A. L. Bogdanov, H. Olin, and T. Claeson,

Appl. Phys. Lett.73, 3604~1998!; J. Low Temp. Phys.118, 307 ~2000!.
15A. Bachtold, P. Hadley, T. Nakanishi, and C. Dekker, Science294, 1317

~2001!.
16H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, and P. L. McEuen, Appl.

Phys. Lett.75, 301 ~1999!.
17As an alternative, we have also tried breaking the wires at room tempera-

ture inside the evaporator~instead of at liquid helium temperature! but this
generally produced gaps too wide to make SETs with good yield.

18J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J. R. Petta,
M. Rinkoski, J. P. Sethna, H. D. Abrun˜a, P. L. McEuen, and D. C. Ralph,
Nature~London! 417, 722 ~2002!.

19W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and H. Park, Nature
~London! 417, 725 ~2002!.

20D. V. Averin and K. K. Likharev, inMesoscopic Phenomena in Solids,
edited by B. L. Altshuler, P. A. Lee, and R. A. Webb~Elsevier, New York
1991!, p. 173.

21A. V. Danilov, D. S. Golubev, and S. E. Kubatkin, Phys. Rev. B65,
125312~2002!.

22M. M. Deshmukh, E. Bonet, A. N. Pasupathy, and D. C. Ralph, Phys. Rev.
B 65, 073301~2002!.

23D. R. Stewart, D. Sprinzak, C. M. Marcus, C. I. Duruo¨z, and J. S. Harris,
Jr., Science278, 1784~1997!.

24D. A. Gorokhov and P. W. Brouwer, Phys. Rev. Lett.91, 186602~2003!.

3156 Appl. Phys. Lett., Vol. 84, No. 16, 19 April 2004 Bolotin et al.

Downloaded 20 Oct 2006 to 128.84.231.88. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


